The extracellular domain of p185 c-neu can be viewed as a complex structure of four subdomains, two of which are cysteine-rich subdomains. We have investigated the contribution of these distinct p185 c-neu extracellular subdomains to p185͞epidermal growth factor receptor (EGFR) heteromer formation and EGF-induced heteromeric signaling. Our studies indicate that at least two separate p185 subdomains, a region spanning subdomains I and II and subdomain IV are involved in association of p185 with the EGFR. We also demonstrated that subdomain IV reduced the heteromeric signaling and transforming activities induced by EGF after associating with EGFR. When 126 aa were deleted from subdomain IV, this small subdomain IV-derived fragment could still lead to heterodimers with EGFR and suppress EGF-induced mitogen-activated protein kinase activation and subsequent transformation abilities. These data provide information about trans-inhibitory mechanisms of mutant p185 species and also indicate that both the entire and a part of subdomain IV may represent a therapeutic target for erbB-overexpressing tumors. Finally, these studies define a basic feature of receptor-receptor associations that are determined by cystine-knot containing subdomains.
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heterodimer ͉ cysteine-rich domain E pidermal growth factor receptor (EGFR), erbB-2 (the human homologue of rat p185 c-neu ), erbB-3, and the erbB-4 proteins are all members of the erbB receptor family of tyrosine kinases (1) (2) (3) (4) (5) (6) (7) (8) (9) . Homodimerization or heterodimerization of these receptors plays an important role in receptor complex activation and signal transduction (7) (8) (9) (10) (11) (12) (13) (14) (15) . Among these receptors, p185 c-neu/erbB2 is the preferred heterodimerization partner with other erbB receptors (7, (11) (12) (13) (14) . In the assembly of p185 c-neu ͞ EGFR heterodimers, ligands such as EGF facilitate the formation of the heteromeric structure, stimulate subsequent rapid phosphorylation of the ensemble, and ultimately cause activation of the p185 partners, leading in some cases to transformation (9, 16, 17) . However, the mechanics of p185 c-neu receptor activation that occurs in receptor dimerization with EGFR and the role of the discrete p185 c-neu extracellular subdomains in these processes are not well understood. p185 c-neu has four extracellular subdomains (subdomains I-IV) that include two cysteine-rich domains (II, IV). The functional significance of any individual subdomain remains unknown (3, 8) . Cysteine-rich domains generally are composed of cystine knots that are characterized by a distinct pattern of disulfide bonds (18, 19) . In this regard, mutation of cysteine residues proximal to the membrane region in the p185 c-neu subdomain IV promotes receptor dimerization and activation through the formation of disulfide bonds between the monomers (20, 21) .
Recently, an alternative transcript product of c-erbB2 that consists of subdomains I and II followed by an additional 79 aa was found to be able to dimerize with wild-type p185 erbB2 protein and was able to reduce signaling in a dominant negative manner (22) . Our laboratory developed a panel of p185 c-neu mutants to begin to clarify the role of individual p185 c-neu subdomains in heterodimerization with EGFR. Previously we reported that p185 c-neu lacking most of the cytoplasmic domain with (T691 stop) or without (N691 stop) single-point mutation (V664G) in transmembrane domain mediates a suppressive effect on the function of EGFR and that of p185 c-neu in a trans-inhibitory manner (23) (24) (25) (26) . Analysis of the subdomain contributions to receptor formation is important for understanding the molecular mechanisms and general principles involved in receptor dimerization. Identification of sites that are necessary for dimerization may facilitate the development of therapeutic approaches against cancers characterized by the overexpression of either EGFR or erbB2 (27) (28) (29) (30) .
Materials and Methods Construction of Expression Vectors.
A schematic representation of the expression vectors used in this study is shown in Fig. 1 . pTNeu and pNeu contain full-length transforming p185 neu or the cellular protooncogenic p185 c-neu form lacking the single-point mutation (V664G) in the transmembrane region (3, 4, 16) . pTex3-4, pTex4, pTex6CN, pNex1-3, pNex3-4, and pNex3 are truncated p185 neu or p185 c-neu expression vectors lacking most of the intracellular domain and portions of the extracellular subdomains. pTex encodes the full-length extracellular domain and the transmembrane domain of p185 neu . All of these constructs were subcloned into pSectagB (Invitrogen). pMVEGFR is an expression vector of human EGFR containing vesticular stomatitis virus glycoprotein (VSVG) tag at C terminal, which was subcloned into pMV expression vector (Roche Molecular Biochemicals). Cell Lines. Cos7 and NR6 cells (31) were used in this study and were cultured in DMEM (Bio-Whittaker) supplemented with 10% FBS (HyClone), 100 units͞ml penicillin, 50 g͞ml streptomyocin, and 2 mM L-glutamine and were maintained in a 5% CO 2 humidified incubator at 37°C. pMVEGFR was transfected into NR6 cells followed by selection with 400 g͞ml of G418 to establish the NE99 cell line. NE99 is a stable NR6 cell line expressing EGFR. NE99 cells were next transfected with pTex, pTex4, or pTex6CN followed by the selection with 400 g͞ml of Abbreviations: EGF, epidermal growth factor; EGFR, EGF receptor; VSVG, vesticular stomatitis virus glycoprotein; MAP, mitogen-activated protein. § To whom reprint requests should be addressed. E-mail: greene@reo.med.upenn.edu.
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Zeocin (Invitrogen) to establish the NE͞Tex, NE͞Tex4, and NE͞Tex6CN cell lines, respectively. Heterodimerization Studies. Cos7 cells were transfected with 5 g of pMVEGFR and an equal amount of mutant p185 expression vectors. Forty eight hours later, medium was replaced with serum-free medium and cells were incubated for an additional 24 h. Cells were stimulated with 200 ng͞ml of EGF (GIBCO͞BRL) at 37°C for 10 min followed by crosslinker treatment of DTSSP (Pierce) at room temperature for 30 min as described (23) . After stopping the crosslinking reaction with 10 mM Tris⅐HCl (pH 7.5), 0.9% NaCl, and 0.1 M glycine, cells were lysed in buffer containing 10 mM sodium phosphate (pH 7.4), 1% Triton X-100, 1% deoxycholic acid, 0.1% SDS, 150 mM NaCl, 1 g͞ml of aprotinin, 1 mM PMSF, 2 mM EDTA, 1 mM sodium orthovanadate, 10 mM NaF, 10 mM sodium pyrophosphate, and 10 mM iodoacetamide. Equal amounts of each cell lysate were immunoprecipitated with anti-His antibody (Invitrogen) or anti-EGFR antibody, Ab-1 (Oncogene Research Products, Cambridge, MA). Immunoprecipitated samples were subjected to SDS͞PAGE analysis and transferred to nitrocellulose membranes. Immunoblotting was performed with anti-VSVG antibody (Roche Molecular Biochemicals) that recognizes the tagged EGFR. After stripping, the membranes were reprobed with anti-c-Myc antibody (Santa Cruz Biotechnology). Equal amounts of total cell lysate also were electrophoresed to determine the expression of exogenous EGFR as detected with anti-VSVG antibody.
Analysis of EGFR Phosphotyrosine Content. Stable NR6 transfectants were starved for 24 h with serum-free medium and then were stimulated with EGF (50 ng͞ml) at 37°C for 5 min. Cells then were lysed in lysis buffer as described above. Transiently transfected Cos7 cells were starved for 24 h and stimulated with EGF as described above, followed by treatment with the crosslinking reagent DTSSP at 4°C for 30 min. After quenching the reaction, cells were lysed with lysis buffer. Equal amounts of each cellular lysate were immunoprecipitated either with an anti-His antibody to detect heteromeric EGFR-p185 species in Cos7 cells or with anti-EGFR antibody R1 (Santa Cruz Biotechnology) to detect EGFR species in NR6 cell transfectants. Immunoprecipitated samples were separated on SDS͞polyacryl-amide gels and transferred to nitrocellulose membranes. After immunoblotting with either anti-Myc antibody or anti-VSVG, membranes were reblotted with antiphosphotyrosine antibody PY99 (Santa Cruz Biotechnology). The ratio of phosphorylated EGFR͞total EGFR was approximated by laser scanning microdensitometry using National Institutes of Health IMAGE analysis software.
Mitogen-Activated Protein (MAP) Kinase Assay. MAP kinase assays were performed as described with only slight modifications (32) . In brief, Cos7 cells were transiently transfected with 3 g of construct encoding each mutant p185 neu species and an equal amount of pCDNA3-HA-ERK2 (a gift from Silvio Gutkind, National Institutes of Health, Bethesda, MD). Forty eight hours later, cells were starved for an additional 24 h, followed by stimulation with 50 ng͞ml of EGF at 37°C for 5 min. Cells were lysed in buffer containing 10 mM Tris⅐HCl (pH 7.4), 150 mM NaCl, 2 mM EGTA, 2 mM DTT, 1 mM PMSF, 1 mM sodium orthovanadate, 10 g͞ml of aprotinin, and 1% Triton X-100. One thousand micrograms of each cell lysate was immunoprecipitated with 0.5 g of anti-hemagglutinin antibody (Roche Molecular Biochemical). Immunoprecipitated samples were washed three times with lysis buffer and twice with 30 mM Hepes (pH 7.4), 10 mM MgCl 2 , 1 mM DTT. Immunoprecipitates were incubated with 2 g of myelin basic protein (Sigma) in the 25 l of reaction buffer containing 30 mM Hepes (pH 7.4), 10 mM MgCl 2 , 1 mM DTT, 10 M ATP, and 1 Ci of ␥ 32 P ATP (NEN) at 30°C for 20 min. Reaction samples were electrophoresed in SDS͞polyacrylamide gel, and phosphorylated myelin basic protein was visualized by autoradiography.
Anchorage-Independent Growth Assays. Anchorage-independent growth was determined by analyzing colony formation of cells in soft agar as described (23) with only slight modifications. In brief, on day 0, 3,000 cells were suspended in 0.3% or 0.33% agarose in 5% FBS-DMEM and plated on the bottom agar (0.4%). Assays were performed in duplicate. From day 1, 0.3 ml of 5% FBS-DMEM with or without 10 ng͞ml of EGF was added every 3 days. On day 21, cells were stained with p-indonitrotetrazolium violet (1 mg͞ml) for 24 h, and visible colonies were counted.
Results p185 Extracellular Subdomain Mutants Affect p185-EGFR-Heterodimer
Formation. Cos7 cells were used for the heterodimer studies, and this cell line expresses some endogenous EGFR (see Fig.  3A ). EGFR constructs containing a VSVG tag at the carboxyl terminal were used to distinguish the endogenous from the exogenous EGFR species. A variety of p185 mutants (see Fig.  1 ) were transfected along with the EGFR constructs, and dimerization behavior was analyzed. As shown in Fig. 2A , pNex3 (lane 6) showed reduced dimerization with EGFR compared with pNex3-4 or pNex1-3. We also evaluated p185 neu and mutant p185 neu species that possessed a point mutation in the transmembrane domain. pTex, pTex3-4, and pTex4 all were able to heterodimerize with EGFR (Fig. 2B,  lanes 5, 6, and 8 ). These data indicate that certain extracellular subdomains of p185 play an important role in dimerization. At least two areas including subdomain IV and subdomains I and II affected heterodimerization. Furthermore, part of the subdomain IV containing only a small 46-aa region extending from the cell membrane (pTex6CN) was still able to dimerize with EGFR.
When we evaluated all of the mutants with a transmembrane mutation (Fig. 2B) , pTex, which has the entire extracellular domain of p185 neu , was found to heterodimerize the most efficiently.
p185 Extracellular Subdomain Mutants Effect on EGF-Induced Phosphorylation of EGFR. We next analyzed whether subdomain IV or a part of this subdomain could suppress EGF-induced signaling after heterodimerization with EGFR. We transfected pMVEGFR into NR6 cells that express no detectable endogenous EGFR to establish the NE99 cell line. NE99 cells then were transfected with either pTex, pTex4, or pTex6CN to establish the NE͞Tex, NE͞Tex4, and NE͞Tex6CN stably transfected cell lines, respectively. We analyzed the expression of both exogenous EGFR and mutant p185 neu proteins in each cell line. As shown in Fig. 3A Top and Middle, under nonstimulated conditions, NE99, NE͞Tex, NE͞Tex4, and NE͞Tex6CN expressed almost equal levels of EGFR. The EGFR expression was even higher than that seen in Cos7. On the other hand, the expression of the mutant p185 neu species in NE͞Tex6CN was somewhat higher than in NE͞Tex or NE͞Tex4 (Fig. 3A Bottom, which detects p185 neu forms that are myc-tagged).
The phosphotyrosine content of EGFR in the NR6 clones was analyzed next. Upon EGF stimulation, EGFR in each cell line became phosphorylated (Fig. 3B) . We contrived a ratio of phosphorylated to total EGFR to gauge relative kinase activity. The ratio of phosphorylated͞total EGFR in NE99 was the highest of all and was the lowest in NE99͞Tex (39% of the ratio in NE99), whereas those in NE99͞Tex4 or in Ne99͞Tex6CN were intermediate (57% and 63%, respectively). These data suggest that mutant p185 neu forms suppressed EGF-induced signaling by affecting the extent of tyrosine phosphorylation of the EGFR. Furthermore, the EGFR species in NE99, NE͞Tex, NE͞Tex4, and NE͞Tex6CN cell lines displayed a molecular weight change after EGF stimulation. These changes were observed in both immunoprecipitated samples and after electrophoresis of the total cell lysates (Fig.  3B Middle and Bottom). Upon detailed review of the gels, we noticed that the molecular weight range of the EGFR species in NE͞Tex, NE͞Tex4, and NE͞Tex6CN was consistently greater when compared with that seen in NE99. The slower migrating EGFR species in the cells with mutant p185 neu ( Fig.   3B Top and Middle, marked * ) seemed to be reactive with phosphotyrosine antibody, whereas the faster migrating EGFR species in each cell line (marked ** ) was less phosphorylated after stimulation with EGF. These data indicate the possibility that EGFR-mutant p185 neu complexes contain a poorly phosphorylated species of EGFR, which might account for the slightly lower molecular weight forms.
To investigate this pattern further, we used transiently transfected Cos7 cells to analyze the phosphotyrosine content of EGFR that heterodimerized with mutant p185 forms. As shown in Fig. 3C , each major EGFR species that underwent dimerization with truncated p185 showed the same molecular weight as that of nonstimulated EGFR and less than that of the slow-migrating EGFR species in NE99. This latter form was highly reactive with antiphosphotyrosine antibody after EGF stimulation. The major EGFR species dimerizing with truncated p185 did not change their molecular weight nor acquire additional phosphorylation after stimulation with EGF. In addition to the major EGFR species, other slow-migrating species can be detected as very faint bands just above the major band (Fig. 3C Bottom, lanes 4 -9, marked * ) . These slowmigrating species were phosphorylated under nonstimulated conditions. Among these species, only EGFR dimerizing with Tex6CN showed an increase of phosphorylation after EGF stimulation (Fig. 3C Top, lane 8) .
Collectively, these data suggest that subdomains I, II, and IV suppress EGFR function in a trans-inhibitory manner, whereas a smaller fragment of subdomain IV suppresses EGFR function less effectively. 
Suppression of EGF-Induced MAP Kinase Activation by Subdomain IV
of Neu. To evaluate whether pTex4 can suppress downstream signals emanating from the activated EGFR, we used the MAP kinase assay as a screen. These studies used transiently transfected Cos7 cells that express endogenous EGFR (Fig. 3A) . We transfected pCDNA3-HA-ERK2 with the mutant p185 neu expression vector or empty vector, pSectagC (Invitrogen). As shown in Fig. 3D , each transiently transfected Cos7 cell line showed activated ERK2 activity after EGF stimulation. Therefore, the mutant p185 forms could not completely suppress ERK2 activation triggered by this level of EGF stimulation. However, the degree of ERK2 activation was elevated the most in Cos7 cells with ERK2 alone (Fig. 3D, lanes 1 and 2) , and the least in cells with ERK2 and pTex (Fig. 3D, lanes 3 and 4, 47% of the result obtained by ERK2 alone), and only intermediate in cells with ERK2 and either pTex4 (62%) or pTex6CN (56%). These data are consistent with our assessment of the phosphotyrosine content of the EGFR that reflects the overall tyrosine kinase activity of EGFR.
Effect of p185 Extracellular Subdomain IV on the Growth of the Cells
Transformed by EGFR. We evaluated the suppressive effect of various kinds of mutant p185 neu forms, including the smallest mutant species in anchorage-independent growth assays. As shown in Table 1 , NR6 cells were transformed and formed foci in response to EGF stimulation by the transfection of EGFR (NE99). NE͞Tex, NE͞Tex4, and NE͞Tex6CN also retained colony-forming abilities albeit at a somewhat reduced level in 0.3% agar. We assessed colony assays with a higher percentage of agar (0.33%), and only NE99 cells showed more than 25 colonies in response to EGF stimulation, whereas others showed fewer than three colonies. Therefore, subdomain IV of p185 neu or a fragment of this domain suppressed not only EGF-induced signaling but also EGF-induced transforming capabilities of EGFR-expressing cells. We consider these data to reflect the potent affects of phenotypic modulation that mutant species of p185 neu are able to exert.
Discussion
Downstream signaling emanating from erbB receptor complexes has been investigated (10, 14, 33) , but the role of distinct extracellular subdomains of p185 c-neu in creating signaling receptor ensembles with EGFR has not been fully defined. Previous efforts from our laboratory suggested that the extracellular domain is involved in homodimer and heterodimer formation (23) (24) (25) , even in the context of naturally occurring truncated EGFR forms (34) . We focused most closely on the role of subdomain IV of p185 neu receptors because mutagenesis studies of this cysteine-rich domain of EGFR and p185 c-neu have implicated this region in the formation and stabilization of dimerization events (20, 21, 35) .
The function of the p185 neu subdomain IV and a portion of the subdomain IV (containing six cysteine residues) in heterodimerization and EGF-induced signaling was assessed, and we found that both subdomain IV and the fragment derived from it can bind EGFR. Although complexes of the larger extracellular domain fragment of p185 neu are effective for suppression of EGFR phosphorylation, a subportion of subdomain IV (Tex6CN) was still able to suppress EGFR activation. This species also suppressed EGF-induced MAP kinase activity to some extent. In anchorage-independent growth assays, pTex, pTex4, and pTex6CN all suppressed the transforming ability of EGFR. Among all transfectants containing mutant p185 neu species, NE͞Tex6CN had the least transforming ability although its binding affinity to EGFR or suppressive effect against EGF-induced signaling is certainly less than that of another p185 form or the entire extracellular domain of p185 neu . One reason to account for these properties might be the high expression level of the mutant p185 neu form in the NE͞Tex6CN cell lines. These results suggest the possibility that a part of the p185 c-neu subdomain IV might be useful for the design of therapeutic peptidomimetics against tumors overexpressing EGFR and perhaps other members of the erbB family (18) .
Extracellular domains lacking subdomain IV also heterodimerized with EGFR. This finding suggests that additional distinct areas in the extracellular domain of p185 c-neu may be involved in heterodimerization with EGFR. Doherty et al. (22) found a form of the extracellular domain consisting of subdomain I and II followed by an additional 79-aa sequence was an autoinhibitor of p185 erbB2 protein. We showed that subdomain III with transmembrane domain of p185 c-neu (Nex3) had reduced affinity against heterodimerization, whereas subdomains I-III (Nex1-3) dimerize efficiently with EGFR. Moreover, the increase of phosphotyrosine content of this heterodimer was not observed upon EGF stimulation, suggesting that subdomains I and II stabilized the heteromer, and this association leads to inhibition of EGF-induced signaling. However, the role of subdomain III of p185 c-neu remains unclear because Nex3 may have lost its inherent function due to conformational changes induced by the deletion of subdomain IV.
Investigation of the phosphotyrosine content of the EGFR heterodimerized with our mutant p185 neu species also provided information about erbB heteromeric complexes. The majority of the EGFR heterodimerized with entire extracellular domain of p185 neu (Tex), subdomain IV (Tex4), or subportion of subdomain IV (Tex6CN) displayed the same molecular weight as that of nonstimulated EGFR in NE99. These species did not show any phosphorylation nor increase of molecular weight upon EGF stimulation. We have argued that heterodimeric complexes comprised of two kinase-active subunits (p185 and EGFR) are probably activated predominantly in trans (11) . p185 c-neu/erbB2 is not simply a substrate for EGFR but a transactivator as well because EGFR dimerizing with p185 c-neu lacking most of the cytoplasmic domain (N691 stop) is inactivated even upon EGF stimulation (23) .
On the other hand, the slow-migrating species of heteromeric EGFR has a basal level phosphotyrosine content. In addition, the species of the EGFR that heterodimerized with a subportion of p185 neu -subdomain IV (EGFR-Tex6CN) showed an increase of phosphotyrosine content upon EGF stimulation. As Tex6CN does not have a tyrosine kinase domain, the increase of phosphorylation may be due to the existence of another undefined tyrosine kinase. Thus the slow-migrating EGFR species may be involved in even more receptor complex assemblies and are not merely simple monomeric forms.
In conclusion, p185 extracellular subdomains I, II and IV are involved in association of the p185 species with the EGFRs. Anchorage-independent growth was determined as described in Materials and Methods. The number of average colonies obtained by each clone is indicated.
